Typical defective interfering (DI) RNAs are more successful in the competition for viral polymerase than the parental (helper) virus, which is mostly due to an altered DI promoter composition. Rabies virus (RV) internal deletion RNAs which possess the authentic RV terminal promoters, and which therefore are transcriptionally active and can be used as vectors for foreign gene expression, are poorly propagated in RV-infected cells and do not interfere with RV replication. To allow DI-like amplification and high-level gene expression from such mini-RNA vectors, we have used an engineered 3 copy-back (ambisense) helper RV in which the strong replication promoter of the antigenome was replaced with the 50-fold-weaker genome promoter. In cells coinfected with ambisense helper virus and mini-RNAs encoding chloramphenicol acetyltransferase (CAT) and luciferase, mini-RNAs were amplified to high levels. This was correlated with interference with helper virus replication, finally resulting in a clear predominance of mini-RNAs over helper virus. However, efficient successive passaging of mini-RNAs and high-level reporter gene activity could be achieved without adding exogenous helper virus, revealing a rather moderate degree of interference not precluding substantial HV propagation. Compared to infections with recombinant RV vectors expressing CAT, the availability of abundant mini-RNA templates led to increased levels of CAT mRNA such that CAT activities were augmented up to 250-fold, while virus gene transcription was kept to a minimum. We have also exploited the finding that internal deletion model RNAs behave like DI RNAs and are selectively amplified in the presence of ambisense helper virus to demonstrate for the first time RV-supported rescue of cDNA after transfection of mini-RNA cDNAs in ambisense RV-infected cells expressing T7 RNA polymerase.
The genetic information of nonsegmented negative-strand RNA viruses (order Mononegavirales) is contained in a ribonucleoprotein complex (RNP). Both the negative-strand genome RNA, from which all virus genes are expressed, and the complementary positive-sense antigenome RNA, which represents the replicative intermediate, are tightly encapsidated by nucleoprotein (N) and associated with the viral RNA polymerase (L) and a polymerase cofactor (P). Only RNPs are templates for all viral RNA synthesis. Genome RNPs may act as templates for transcription of a short leader RNA and monocistronic mRNAs, as well as for replication of full-length RNPs which involves cotranscriptional encapsidation. As a corollary, infection of cells leads to the synthesis of huge amounts of genome strand RNPs, while antigenome RNPs are found at low levels. In the case of paramyxoviruses such as Sendai virus, the bias is moderate, with a 4-to 10-fold preponderance of genome RNAs. Very different values have been reported for members of the Rhabdoviridae family. Whereas a modest three-to fourfold predominance of genome RNPs was observed in vesicular stomatitis virus (VSV)-infected cells, the ratios between genome and antigenome RNAs may reach 50:1 in rabies virus (RV)-infected cells (genus Lyssavirus of the Rhabdoviridae family) (15) .
The observed biases have been attributed to different activities of the cis-acting sequences present at the 3Ј end of the genome and antigenome RNAs, respectively, which are required to direct replication and encapsidation (5, 6, 9, 12, 28, 30, 31, 34, 45, 46) . Since the sequences engaged in the different functions, such as polymerase binding, replication initiation and enhancement, encapsidation, and elongation, are poorly defined, these RNA ends are so far regarded as the genome promoter (GP) and the antigenome promoter (AGP), respectively (5) . Accordingly, the AGP should represent a strong replication promoter, whereas the GP should function as a weak replication promoter. This view was first supported by the structure of naturally occurring defective interfering (DI) RNAs of VSV and paramyxoviruses (36, 37) . Most of the DI RNAs which replicated efficiently while heavily interfering with helper virus (HV) replication were of the so-called 5Ј copy-back type, containing a copy of the strong AGP at both RNA ends. In contrast, RV internal deletion RNAs containing the promoter sequences of the original virus, i.e., one copy of the GP and one copy of the AGP, replicate less efficiently, and interference with virus replication is not observed (9, 41) .
Since the GP is active not only in replication but also in the synthesis of a leader RNA and transcription of subgenomic RNAs, a competition between replication and transcription might contribute to the apparently weak replication capacity of the GP. Although this cannot be totally ruled out, recent studies support the assumption that the two promoter sequences indeed differ in the ability to serve as an initiation site for RNA replication (5, 14, 20, 23, 45) . However, the factors that determine their activity remain incompletely understood.
We previously addressed the function of RV promoters by constructing a recombinant 3Ј copy-back virus in which the AGP was replaced with a copy of the transcriptionally active GP. This virus (SAD Ambi-CAT) was able to express genes from both RNA strands, thus exhibiting ambisense gene expression. In SAD Ambi-CAT-infected cells, genome and antigenome RNAs were present in equal amounts, revealing that the striking 50:1 bias in RV-infected cells is exclusively due to the competition between the GP and AGP. Most remarkably, the total rate of SAD Ambi-CAT replication was not much lower than that of RV. Thus, the replication capacity of the RV GP is not low per se; rather, the GP is competed out by the stronger AGP in the engagement of a limiting amount of polymerase (15) .
In this study, we examined whether the presence of the parental AGP in transcriptionally active internal deletion RNAs would allow successful competition with the replication of an HV of the ambisense type. We analyzed the propagation and gene expression of bicistronic model RNAs encoding chloramphenicol acetyltransferase (CAT) and luciferase reporter genes in cells infected with standard RV or with ambisense RV as the helper. Whereas the mini-RNAs were poorly replicated and expressed in RV-infected cells, they behaved as true DI RNAs in ambisense virus-infected cells. Preferential amplification of the model RNAs was correlated with interference with the replication of the ambisense HV. The degree of interference, however, was moderate enough to allow high-level HV-supported reporter gene expression from the model RNAs throughout successive passages.
In contrast to paramyxoviruses, for which HV-mediated recovery of artificial RNAs into RNPs is easily achieved, rescue of rhabdovirus-like RNAs by HVs has not been demonstrated. The finding that standard RV RNAs can be rendered the phenotype of DI RNAs by selecting an appropriate HV led us to reason that ambisense RVs might not only represent valuable tools for efficient expression of foreign genes from transcriptionally active mini-RNAs but also allow recovery of cDNA-derived RNA transcripts. Indeed, after transfection of plasmids encoding the mini-RNA in T7 RNA polymeraseexpressing cells previously infected with ambisense RV, miniRNAs were rescued reproducibly.
MATERIALS AND METHODS
Construction of cDNA clones. As a basis for the construction of the bicistronic cDNA plasmid pSDI-CL(NP), we used the previously described pSDI-CAT, which contains the CAT gene between the cDNA sequences of the terminal regions of RV (9) . For integration of additional restriction sites, two synthetic oligonucleotides (AdapI [5Ј-ctagtgttaacaggcctgcgcgcagatctggctagct-3Ј] and AdapII [5Ј-ctagagctagccagatctgcgcgcaggcctgttaaca-3Ј]) were annealed and inserted as a 37-bp DNA fragment in an XbaI site downstream of the CAT gene. The downstream XbaI site was restored and was used after Klenow fill-in for the insertion of the firefly luciferase gene, which was excised from pT3/T7-luc (Clontech) as a BsmI/SmaI DNA fragment. In a further step, the two reporter gene sequences were separated by the insertion of an 86-bp MaeIII/AsuII/Klenow DNA fragment (positions 1412 to 1498 of RV SAD B19 [7] ) from the RV full-length cDNA clone pSAD L16 (42) , which comprises the cis-acting transcription signals for N mRNA stop/polyadenylation and P mRNA start.
For the construction of pSAD Ambi, a DNA fragment comprising the complete leader RNA sequence and the N start signal of RV SAD B19 (position 1 to 67) was PCR amplified from pSDI-1 (9) with primer 49M (5Ј-cgcgcggttaaca ggggtgttacatttttgc-3Ј) and reversed primer (5Ј-ggaaacagctatgaccatg-3Ј). The PCR product was subcloned as a NotI/HpaI DNA fragment in pSKADAPϪ (NotI/ HpaI). pSKADAPϪ was generated by insertion of the synthetic 37-bp DNA fragment described above into the XbaI site of pBluescript SKIIϪ (Stratagene). The resulting plasmid pleaHpa contained the RV leader sequence and the N start sequence, followed by an HpaI restriction site. By replacement of the 1.1-kb HpaI/NotI fragment of pSAD Ambi-CAT (15) , which comprises the CAT reporter gene sequence and the leader sequence with the 0.3-kb HpaI/NotI fragment of pleaHpa, the cDNA full-length clone pSAD Ambi (organization, T7 promoter-leader-RV genes-leader-hepatitis delta virus-T7 terminator) was generated.
For expression of RV proteins N, P, and L in T7 polymerase-expressing cells, the coding sequences of the RV genes were inserted in the vector pTIT, which comprises the internal ribosome entry site (IRES) of the encephalomyocarditis virus (organization, T7 promoter-IRES-multiple cloning site-T7 terminator [4] ). pTIT-N was constructed by insertion of a 150-bp NcoI/EcoRV fragment that was PCR amplified from pT7T-N (9) with the primers N-ATG (5Ј-aataccatggatgccg acaagattg-3Ј) and N2M (5Ј-cccatatagcatcctac-3Ј) in pTIT (NcoI/EcoRV) and subsequent integration of a 1.3-kb EcoNI/PstI fragment of pT7T-N. pTIT-P was generated after insertion of a 180-bp BspHI/NcoI PCR fragment (primers P-ATG [5Јaatatcatgagcaagatctttgtca-3Ј] and NS3M [5Ј-tccactgatagatcatcc-3Ј]) from pT7T-P (9) in pTIT (BspHI/NcoI) and subsequent integration of an NcoI/ HindIII fragment of pT7T-P. pTIT-L was constructed by insertion of a 480-bp SphI/NsiI-digested PCR fragment (primers L-ATG [5Ј-agcaggcatgctcgatcctgg-3Ј] and 6410M [5Ј-aagttgactaactttgtctttt-3Ј]) of pT7T-L (9) in pTIT (NcoI/PstI) and subsequent insertion of a 6.4-kb BsgI/SpeI fragment of pTIT-L.
Cells, viruses, and cDNA rescue experiments. RV SAD L16 (42) and SAD Ambi-CAT (15) were grown on BSR (a BHK-21 clone) cell monolayers. For vaccinia virus-free recovery of RV or HV-driven recovery of mini-RNAs, we used the BSR T7/5 clone, which stably expresses T7 RNA polymerase (4) .
Infectious SDI-CL(NP) particles were recovered from pSDI-CL(NP) as described previously for pSDI-CAT (9) . Four micrograms of pSDI-CL(NP) was cotransfected with T7T plasmids encoding the RV proteins N, P, M, G, and L in BSR cells expressing T7 RNA polymerase from recombinant vTF7-3. Three days after transfection, cell culture supernatants were harvested, partially cleared of vaccinia virus by centrifugation, and transferred on fresh BSR cells. The cells were superinfected with helper virus at a multiplicity of infection (MOI) of 1 after 1 h.
The recombinant RV SAD Ambi was recovered in a new, vaccinia virus-free recovery system, using BSR T7/5 cells that constitutively express T7 RNA polymerase (4). For virus recovery, 10 g of full-length cDNA and plasmids pTIT-N (5 g), pTIT-P (2.5 g), and pTIT-L (2.5 g) were cotransfected in BSR T7/5 cells. After 3 days, fresh cell culture medium was added; after a further 3 days, cell culture supernatants were harvested and transferred on BSR cells. Two days after passage, infectious virus was detected by immunostaining against RV N protein (42). DNA transfections were performed after CaPO 4 precipitation (Stratagene) in 8-cm 2 culture dishes containing ϳ10 6 cells. RNA analysis. Total RNA from cells or from virions pelleted from supernatants by ultracentrifugation (Beckman TLA45 rotor; 45,000 rpm, 1 h, 4°C) was isolated 2 days after infection with an RNeasy Mini kit (Qiagen) according to the supplier's instructions. Agarose gel electrophoresis and Northern blotting were performed as described previously (8) . RV N and CAT DNA fragments were labeled with [␣-
32 P]dCTP (3,000 Ci/mmol; ICN) by nick translation (nick translation kit; Amersham). After hybridization, RNA amounts were measured in a phosphorimager (Fuji-BAS).
Luciferase assay. Two days after infection, the cell monolayers were lysed with 1 ml of luciferase lysis buffer, and enzyme activities in cell extracts were determined as described previously (41) .
RESULTS
Previous studies on synthetic RV model RNAs have shown that transcribing internal deletion-type RNAs possessing the authentic parental 3Ј and 5Ј ends are replicated inefficiently by wild-type (wt) helper RV and do not interfere with HV replication (9, 41) . Since in RV-infected cells the AGP directs the synthesis of an approximately 50-fold-higher amount of RNPs than the GP (15), we reasoned that internal deletion RNAs might be able to successfully compete with an HV containing only GPs, such as the previously described SAD Ambi-CAT (15) .
To study the competition between the two different promoters, we analyzed the replication activities and gene expression of a bicistronic model RNA, SDI-CL(NP), in cells coinfected with SAD Ambi-CAT or with standard RV SAD L16. As for the previously described monocistronic mini-RNAs SDI-CAT (9) or SDI-flash (41), SDI-CL(NP) contained the authentic RV 3Ј and 5Ј ends (68 and 164 residues, respectively [ Fig. 1 ]) but encoded two nonviral reporter gene products, CAT and firefly luciferase. The reporter genes were separated by the N/P gene border sequence of RV strain SAD B19 which directs transcription termination/polyadenylation of the upstream CAT mRNA and restart of luciferase mRNA transcription. SDI-CL(NP) was initially recovered from cDNA in a standard RV recovery system (9) . After infection of BSR cells with recombinant vaccinia virus vTF7-3 (16), providing T7 RNA polymerase and transfection of T7 promoter-controlled plasmids encoding RV proteins N, P, M, G, and L and of pSDI-CL(NP), the mini-RNAs were rescued by encapsidation into RNPs. Supernatants containing SDI-CL(NP) particles were harvested 3 days after transfection, pooled, and used as a stock for coinfection experiments. Ambisense RV supports high-level gene expression from mini-RNAs. In the first DI passage experiment, 10 6 BSR cells were infected with identical aliquots of the SDI-CL(NP) particle stock resulting from rescue experiments. One hour postinfection, the cells were superinfected with SAD Ambi-CAT or with RV SAD L16 at an MOI of 1. After 48 h of coinfection, cell culture supernatants were harvested and 1 ml of supernatant of a total of 2 ml was transferred on fresh BSR cells, without additional HV. Five further passages were performed according to the same protocol.
Mini-RNA gene expression was first analyzed by monitoring the activity of the luciferase reporter gene product (Fig. 2) . Two days after the initial coinfection (passage 1), luciferase activities were about 100-fold higher in cells infected with SAD Ambi-CAT than in cells infected with SAD L16 HV. Thus, SAD Ambi-CAT supported gene expression from the mini-RNA much more efficiently than wt RV. During the further passages, the luciferase activity was greatly increased in SAD Ambi-CAT-infected cells, whereas SAD L16 allowed only lowlevel luciferase expression. From the second passage on, SAD Ambi-CAT yielded 10 4 -fold-higher luciferase expression than SAD L16. Infection of cells with SAD Ambi-CAT, SAD L16, or SDI-CL(NP) alone did not result in detectable luciferase activity.
RNA synthesis of mini-RNAs interferes with HV replication. The augmented expression of mini-RNA-encoded luciferase in ambisense virus-infected cells and the efficient passaging of luciferase activity indicated that SDI-CL(NP) was used preferentially as a template for RNA synthesis. To analyze RNA synthesis directly, RNA was isolated from cells in parallel experiments. Northern hybridization with a luciferase-specific DNA probe showed that in SAD Ambi-CAT-infected cells the mini-RNA-encoded luciferase gene was transcribed in large amounts as a monocistronic mRNA (Fig. 3A) . As generally found for RV mRNAs, a minor fraction of luciferase-specific mRNA was transcribed as a bicistronic CAT/luciferase mRNA by partial readthrough at the N/P gene border separating the two reporter genes. Since the bicistronic mRNA [2.8 kb ϩ poly (A)] and the mini-RNA template (3.1 kb) have nearly the same length, discrimination of the two RNAs was not possible in this experiment. In SAD Ambi-CAT-infected cells luciferase mRNA was readily detectable after the first passage. The level of luciferase mRNA strongly increased after the second passage and remained at a high level after the third passage, reflecting the observed reporter gene activities. Although identical aliquots of SDI-CL(NP) were used for the initial coinfections (first passage), luciferase-specific RNA was not detectable in SAD L16-infected cells after the first passage. Even after loading of 10 times more RNA, only a slight hybridization signal was visible (not shown). In contrast to SAD Ambi-CAT, SAD L16 HV was not able to augment the level of mini-RNA-derived transcripts during the following passage experiments (not shown). Due to the presence of the CAT gene in both SAD Ambi-CAT HV and the mini-RNA, hybridization with a CAT genespecific DNA probe allowed us to directly compare HV fulllength RNA, full-length SDI-CL(NP) RNA, and CAT mRNAs (Fig. 3B ). An increase in the level of SDI-CL(NP) RNAderived RNA was correlated with a striking decrease of HV RNA. Thus, SDI-CL(NP) interfered heavily with HV replication. The total amount of monocistronic CAT mRNAs which could be transcribed from both SAD Ambi-CAT and SDI-CL(NP) was considerably greater in coinfected cells than in cells infected only with SAD Ambi-CAT. This obviously is due to the increasing amount of SDI-CL(NP) CAT templates in coinfected cells. The amount of HV template, which has been shown to represent 50% of the total full-length RNA of SAD Ambi-CAT (15) and which must provide all essential RV proteins, was reduced to a strikingly low level after passage 2 and was not detectable under these hybridization conditions after passage 3. However, HV levels were maintained high enough to allow efficient replication of mini-RNAs and highly efficient passaging of the defective RNAs.
Quantitation of the hybridization signals by phosphorimaging showed that after the second passage the ratio of monocistronic CAT mRNA to SAD Ambi-CAT full-length RNA was nearly 1,000:1 in SAD Ambi-CAT-SDI-CL(NP)-infected cells, whereas it was only 5:1 when cells were infected with SAD Ambi-CAT alone. Thus, CAT mRNA synthesis relative to HV full-length RNA was increased approximately 200-fold in the presence of SDI-CL(NP) compared to SAD Ambi-CAT alone. As for the luciferase probe, direct quantitation of SDI-CL(NP) RNA was not possible due to the comigrating bicistronic CAT/luciferase transcript. However, from other studies (to be published elsewhere) it is known that in SAD L16-infected cells readthrough at the N/P gene border in SDI-CL (NP) yields up to 7% of CAT mRNAs. Since the 3.1-kb RNA hybridization signal reached 15% of the monocistronic CAT mRNA signal, at least half of the 3.1-kb band represents fulllength mini-RNA. This finding further confirmed that mini-RNA was much more abundant than SAD Ambi-CAT HV RNA in coinfected cells.
To allow direct comparison, RNA was prepared from supernatant virions, which do not contain mRNAs. Northern hybridizations reflected the findings obtained with cell extracts: mini-RNA was detectable after the first passage and was strongly amplified in the further passages, while the level of HV RNA was greatly decreased (Fig. 4) . In supernatants from the second passage, the amount of mini-RNA exceeded that of HV by a factor of 240. Due to hardly detectable amounts of HV RNA in the following passages, reliable ratios could not be determined; however, mini-RNAs were kept at levels comparable to those after passage 2. In contrast to supernatants from SDI-CL(NP)-infected cells, supernatants from cells infected only with ambisense HV contained quite stable amounts of HV RNA throughout the passages. Mini-RNA was not detectable in supernatants from SAD L16-SDI-CL(NP)-infected cells. Taken together, these results demonstrate that the internal   FIG. 3 . SDI-CL(NP) is selectively amplified in SAD Ambi-CAT-infected cells and interferes with HV replication. BSR cells were infected with SDI-CL(NP) stock and helper HVs, and passages (1.P, 2.P, and 3.P) were performed as described for Fig. 2 . Cell RNA was analyzed with luciferase (A) and CAT (B) gene-specific DNA probes recognizing both plus-and minus-strand RNAs. Mini-RNA-derived luciferase mRNA was detectable in SAD Ambi-CAT-infected cells after the first passage, in contrast to SAD L16-infected cells. In SAD Ambi-CAT-infected cells, CAT RNAs are represented by a 1-kb monocistronic CAT mRNA, derived either from SDI-CL(NP) or from HV, a 3.1-kb RNA band composed of full-length mini-RNA and CAT/luciferase (luc) readthrough transcripts, and HV full-length RNA. The 3.1-kb hybridization signal was detectable after the first passage and much stronger after the second passage. At the bottom, the ratios of CAT mRNA and HV RNA are given.
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on October 14, 2017 by guest http://jvi.asm.org/ deletion RNA SDI-CL(NP) behaves like a DI RNA when SAD Ambi-CAT is used as an HV, whereas it is not amplified in standard RV-infected cells.
Interference with ambisense HV is not due to the presence of the additional CAT gene. After having confirmed the DI phenotype of SDI-CL(NP) for SAD Ambi-CAT, we wished to exclude the possibility that the expression of the additional CAT gene from the HV antigenome somehow contributed to the degree of interference. To this end, we constructed an ambisense RV from cDNA in which the CAT reporter gene was deleted (SAD Ambi [ Fig. 1]) .
SAD Ambi was recovered in a new vaccinia virus-free recovery system that makes use of T7 RNA polymerase-expressing cells (BSR T7/5 [4] ). These cells were transfected with T7 promoter-controlled plasmids encoding RV proteins N, P, and L downstream of the encephalomyocarditis virus IRES and with pSAD Ambi. Six days after transfections, the supernatants were transferred onto fresh BSR cell monolayers (for details, see Materials and Methods). Virus recovery was monitored 2 days after passage by immunofluorescence, and the recombinant virus was grown for two further passages on BSR cells.
Coinfections of SDI-CL(NP) and SAD Ambi were performed as described above, and cell RNA was prepared after three passages. Hybridizations with the CAT probe verified that CAT gene-specific RNAs were synthesized in abundant amounts when cells were additionally infected with SDI-CL (NP) (Fig. 5) . Full-length SAD Ambi RNA was readily detected with an N probe in cells infected with SAD Ambi alone, but in coinfections with SDI-CL(NP), full-length RNA was reduced to levels not detectable with the N probe. However, HV-derived N transcripts could be demonstrated and were found to be reduced fourfold in comparison with cells infected with SAD Ambi or SAD Ambi-CAT alone. Thus, SDI-CL(NP) interfered with SAD Ambi as with SAD Ambi-CAT, confirming that the interference is due exclusively to the difference in promoter composition of ambisense HVs and mini-RNA.
In contrast to SAD Ambi-CAT, SAD Ambi HV does not produce CAT mRNA. However, virtually the same amounts of CAT mRNAs were observed in cells coinfected with SDI-CL (NP) or with either SAD Ambi or SAD Ambi-CAT, showing that the contribution of SAD Ambi-CAT to CAT transcription was negligible. Compared to cells infected with SAD Ambi-CAT alone, an 11-fold amount of CAT mRNA was determined. Further experiments in which different HV MOIs and incubation times were used (not shown) revealed that CAT activities may be 40-to 250-fold higher in cells infected with SDI-CL (NP) and SAD-Ambi than in cells infected with SAD Ambi-CAT alone. We have previously shown that recombinant RVs expressing a CAT gene from the genome RNA (SAD XCAT and SAD VCAT [24] ) and SAD Ambi-CAT produced comparable amounts of CAT protein (15) . Thus, the described binary system involving a transcriptionally active DI RNA in combination with an ambisense HV provides the possibility of expressing heterologous genes much more efficiently than is possible with standard recombinant virus vectors. Moreover, while mini-RNA-encoded genes are expressed preferentially, the expression of HV genes is reduced to a minimum. Ambisense helper RV support recovery of mini-RNAs from cDNA. In striking contrast to paramyxoviruses and orthomyxoviruses, HV-driven rescue of artificial RNAs into RNPs has not been described for rhabdoviruses, and own attempts to recover mini-RNAs in RV-infected cells were unsuccessful (unpublished results). The highly preferential amplification of RV mini-RNAs by ambisense HVs prompted us to investigate whether it is possible to demonstrate rescue of mini-RNAs in cells infected with ambisense viruses.
To this end, 10 6 T7 RNA polymerase-expressing BSR T7/5 cells were infected with SAD Ambi-CAT at an MOI of 1. Twenty hours postinfection, the cDNA-plasmid pSDI-CL(NP), which should direct transcription of a genomic-sense SDI-CL (NP) RNA, was transfected into the cells. After 3 days, cell FIG. 4 . Formation of supernatant virions. RNA was isolated from virion pellets after ultracentrifugation of cell culture supernatants from passage experiments ( Fig. 3) and was analyzed by Northern hybridization with a CAT genespecific DNA probe. In all passages with SAD Ambi-CAT HV, SDI-CL(NP) virion RNA was detectable. With increasing amounts of mini-RNA, the amount of SAD Ambi-CAT HV decreased after the passage 2 (2.P) and was not detectable after the passage 3 (3.P). In supernatants from SAD L16/SDI-CL(NP)-infected cells or in supernatants from cells infected with SDI-CL(NP) alone, mini-RNAs were not detectable. n.d., not detectable. culture supernatants were harvested and 1 ml was transferred on fresh BSR cells without additional HV. Further passages were performed every 48 h, and mini-RNA-derived gene expression was monitored by detection of luciferase activity in cell extracts. As shown in Fig. 6 , rescue of mini-RNA was successful in SAD Ambi-CAT-infected cells. Significant luciferase activity was not detectable in the transfected cells but appeared after passaging, demonstrating encapsidation of T7 RNA polymerase transcripts into RNPs and DI particle formation. As predicted from earlier experiments using a variety of monocistronic mini-RNA analogs, no significant luciferase activity was detectable in SAD L16-infected cells.
DISCUSSION
Most DI RNAs interfere with the growth of parental viruses because they are more successful in the competition for transacting factors required for replication, presumably the viral polymerase (17) . This can be achieved, for example, by point mutations in promoter sequences (8) or the acquisition of new promoters allowing more efficient polymerase binding and/or faster initiation and elongation. As we have previously shown for RV, competition between promoters of different strengths indeed represents the physiological mechanism to maintain exact levels of protein-encoding genome and replicative intermediate and to ensure coordinated, optimal virus gene expression and virus propagation (15) . Such functional constraints do not apply to DI RNAs, which are therefore rather free in promoter use. The overwhelming amount of naturally occurring VSV and paramyxovirus DI particles are 5Ј copy-back DI RNAs which contain two copies of the strong parental AGP promoter (21, 22, 35, 37, 40) . While the gain of a second AGP provides a selective advantage in replication over the parental virus, and also over internal deletion DI RNAs in mixed infections (36) , it is coupled with the loss of the GP and the ability to transcribe mRNAs. Several internal deletion DIs RNAs which have promoters derived from the parental GP and AGP and which transcribe to various extents have also been found in nature (1, 8, 13, 38) . The more recent possibility of constructing defective RNAs with exact copies of parental promoter sequences, however, has confirmed that RV internal deletion constructs (miniRNAs) do not interfere with HV replication (9) .
Rather than modifying the promoters of a mini-RNA, we have here used another strategy to render it the phenotype of a DI RNA while maintaining its capability for effective transcription and foreign gene expression, namely, by providing an appropriate HV. The clue for this was the availability of a nondeficient virus in which the highly competitive AGP was replaced with the sequence of the GP (15) . Interestingly, this virus replicated efficiently, showing that it is the competition with the AGP that makes the GP weak. We have shown here that the principle of competition between promoters can be used for preferential amplification and gene expression of a standard model RNA in an HV-dependent system.
Indeed, compared to wt RV, SAD Ambi-CAT and SAD Ambi supported up to 10 4 -fold-higher luciferase expression from SDI-CL(NP). A low level of luciferase expression in wt RV-infected cells, and scarcely detectable Northern hybridization signals, showed that the mini-RNA was also propagated by wt RV through the passages but was not amplified. As was previously observed for other internal deletion mini-RNAs (9), SDI-CL(NP) was completely lost after slight dilution of the supernatants during passages (not shown). In contrast, as indicated by high-level luciferase expression and confirmed by Northern analyses, there was considerable interference of SDI-CL(NP) with the replication of SAD Ambi-CAT.
Preferential amplification of DI RNAs is sometimes accompanied by drastic interference with HV replication, leading to an depletion of the virus protein supply. This might also shut down DI RNA replication, especially when the initial amount of DI RNAs in infections is high (3, 18, 29) . In most cases, steeply oscillating titer curves are observed over time, reflecting the interaction between HV and DI RNA. The passage of SDI CL(NP), as monitored by luciferase activities, occurred also in a somehow oscillatory manner but remained at a high level throughout the six passages. Thus, the interference of DI RNA with HV replication appeared moderate and more regulated, leading to rather stable infections and constant levels of gene expression throughout the passages.
The extent of interference with ambisense HV RNA replication was analyzed by Northern hybridizations with RNA from cells and from virions that were released into the cell culture supernatants. Since the GP and AGP promoters of RV direct a ratio of genome and antigenome RNA of 50:1, we concluded that the proportion of mini-RNA and HV RNAs should at least not be less. Already in the second passage the ratio was found to be greater than 50:1. Because the hybridization signal of full-length SDI-CL(NP) in cell RNA is composed of viral RNA and bicistronic readthrough transcripts and gave a 150-fold-higher value than that of full-length HV RNA, the actual ratio was less than 150:1. This ratio was further increased in the third passage. The total amount of both mini-RNA and HV was found to be decreased, such that HV RNA was hardly detectable and a reasonable direct determination of ratios was not possible.
Remarkably, the ratio of mini-RNA and HV particles present in cell culture supernatants was higher than that observed in cells. After the second passage, an approximately 240-fold dominance of DI particles was observed, compared to the maximal 150-fold dominance in cells. Since RV genome and antigenome RNAs are incorporated equally well into virus envelopes (15) , this indicated that formation of SDI-CL(NP) particles occurs a bit more efficiently than HV formation. This is con- sistent with previous work indicating that budding of internally deleted Sendai virus RNPs was positively influenced by decreasing RNP size (39) . However, increasing budding efficiencies with increasing RNP size were also reported for Sendai virus internal deletion DI RNAs (27) . For Sendai virus 5Ј copy-back DI RNAs, it was consistently observed that budding efficiency was negatively influenced by small RNP sizes (27, 39) . Thus, it remains unclear how budding efficiency is correlated with the size of RNPs and whether other factors may contribute to the ability of RNPs to be released into the supernatant.
In view of the magnitude of interference, it was astonishing that the low ambisense HV production was sufficient for allowing continuous passaging of DI RNAs and high-level DI RNA-derived reporter gene expression without additional HV. One factor contributing to this is probably a high intracellular stability of viral RNPs. For VSV, it was previously shown that the biological half-life of intracellular DI RNPs was between 6 and 12.5 h (11). It was also shown for measles virus and Sendai virus that defective RNPs remain quite stable after infection of cells in the absence of HV (26) . In cells coinfected with few RV ambisense HV and many interfering mini-RNAs, a high stability of RNPs might become an important factor allowing long-term gene expression and for providing sufficient virus proteins for RNA replication and for release of virus particles. Another factor that might contribute is a delayed accumulation of intracellular N protein in ambisense RV-DI RNA-infected cells. According to the widely accepted view that the N protein concentration is involved in determining the mode of RNA synthesis of negative-strand RNA viruses, high amounts of soluble N protein should direct the viral polymerase into the replication mode (2, 10, 33, 49) . We hypothesize that in SAD Ambi-SDI-CL(NP)-infected cells a relative low level of N protein is available due to the competition between DI RNA and HV for N protein and that this may be responsible for the relatively high level transcription from both HV and miniRNAs. The transcription mode, which is not dependent on N protein supply, might be favored or elongated at the expense of replication, which is N dependent. Indeed, in cells coinfected with VSV and 5Ј copy-back DI RNAs we observed a prolonged synthesis of viral proteins that resulted in slower accumulation of virus proteins and delayed release of both virus and DI particles (47) . Approaches can now be developed to investigate whether transcription and replication rates can be influenced by a transcriptionally active DI RNA.
Finally, the most important factor responsible for maintaining high-level gene expression in coinfected cells is the promoter composition of HV and DI RNAs. In RV-infected cells, the 50:1 bias of genome and antigenome RNA is extreme in comparison with other negative-strand RNA viruses. Even in the closely related rhabdovirus VSV, only an approximately fourfold dominance of genome RNA over antigenome RNA is observed in infected cells (44, 48) , and in the more distantly related Sendai virus 13 to 28% of cellular virus full-length RNA is antigenome RNA (19) . The relative difference in promoter strength, which obviously must influence the degree of interference of DI RNAs with HV, should be reflected by the DI biology in the different virus systems. The most atypical behavior in this respect is indeed exhibited by RV. In striking contrast to VSV and paramyxovirus infections, where 5Ј copyback DI RNAs are readily amplified after undiluted passaging, this is not observed for RV. Indeed, all natural RV DI RNAs that we have obtained and analyzed so far are of the internal deletion type (reference 8 and unpublished results). This observation introduces the idea that the interference of putative RV 5Ј copy-back DI RNAs which have two strong AGPs with HV replication may be so pronounced that HV infection is completely shut down. As verified by hybridization experiments with strand-specific probes, SDI-CL(NP) virions contain abundant amounts of negative-strand RNA (not shown). Newly coinfected cells should thus contain equal levels of HV genome and antigenome RNPs and high amounts of negativestrand DI RNA. Only upon the first steps of replication does the strong AGP of the DI antigenome become available and able to enter in the competition for polymerase. Thus, a moderate degree of interference especially in the early stage of infection may allow HV the opportunity for propagation. In contrast, in the case of 5Ј copy-back DI RNAs, the strongly interfering AGP is available from the initiation of infection. Moreover, the hot start of 5Ј copy-back DI RNAs immediately initiates the exponential phase of amplification, since both strands possess the competitive AGP promoters, so that HV replication may be rapidly suppressed to insufficient levels.
We have also exploited the features of ambisense RV to provide evidence that recovery of a rhabdovirus genome analog from cDNA is possible in an HV-driven support system. So far, rescue has been demonstrated after coexpression of support proteins N, P, and L from transfected DNA, mostly by using the transient vaccinia virus T7 RNA polymerase expression system (9, 32), but not in rhabdovirus-infected cells. This is in striking contrast to the situation in paramyxoviruses, where expression of genome-analogous RNAs in virus-infected cells faithfully resulted in rescue into RNPs, mini-RNA gene expression, and formation of passageable particles (6, 12, 30, 43) . Encapsidation of naked SDI-CL(NP) RNA in ambisense HV-infected cells was possible but was very inefficient, as no specific reporter gene activity was found in the transfected cells. In the case of paramyxovirus helper-driven rescue, this is readily observed in most cases. Enzyme activity was detectable only after passaging and rose rapidly, owing to the competition of SDI-CL(NP) RNPs with ambisense HV, while no detectable activity was found with SAD L16 virus. A few SDI-CL(NP) RNPs might also be formed after transfection of SAD L16-infected cells, as the levels of N protein are comparable in SAD Ambi-and SAD L16-infected cells. Since the newly formed RNPs are not selectively amplified by SAD L16, HV rescue appears to fail. However, it cannot be ruled out that efficiencies of encapsidation of T7 RNA polymerase transcripts are different in SAD Ambi-and in SAD L16-infected cells. Competition between promoter sequences may occur at the encapsidation step. This may be caused by a high N binding activity of the standard virus's AGP, such that in SAD L16-infected cells a lower amount of N protein is available for illegitimate encapsidation of T7 transcripts.
The described infection system making use of a nondefective ambisense virus and a transcriptionally active mini-RNA combines the principles of DI interference and effective gene expression, as described previously for a wt Sendai virus that also amplified transcriptionally active mini-RNAs (25) . The rather moderate degree of interference allows fairly stable infection conditions. Preferential amplification to a certain degree of SDI-CL(NP) RNPs led to the accumulation of high amounts of the desired templates. These RNP templates competed with the HV RNPs also in transcription, leading to high-level expression of the mini-RNA-encoded genes. This combination is superior to nondeficient RV vectors. Besides offering the possibility of efficient foreign gene expression, the system also may considerably enhance the total capacity of RV for additional genes. Although a size limit for integration of additional sequences is not yet defined for any nonsegmented negativestrand RNA virus, one can expect that greatly increasing the length of at least 12-kb full-length constructs reduces the re-covery rate. Thus, defective RNAs that contain only 237 nucleotides of the RV terminal sequences seem to be the choice for integration of large foreign sequences. What makes this approach even more attractive and powerful is the possibility that the respective cDNA constructs are reproducibly rescued by the ambisense HV after transfection into the newly established BSR T7/5 cells expressing T7 RNA polymerase.
